ball to the Colts equipment manager for inspection because several teams (most noticeably the Colts and Baltimore Ravens) suspected that throughout the 2014-2015 season, the offense of the Patriots was intentionally playing with underinflated footballs. In fact, media reports confirm that as early as November 2014, NFL officials had been alerted to the possibility that the Patriots were routinely using underinflated footballs during their offensive snaps. Once informed by the Colts, game officials determined that 11 of the 12 footballs being used in the game by the Patriots were "significantly underinflated. " The exact measurements of pressure, as well as the temperature and time at which these measurements were taken, were not logged. News reports indicate that when checked by the referee at halftime, the 11 balls in question were 1.4 to 2 PSI under the minimum pressure; however, debate has since surfaced as to whether these values were accurately reported. During the halftime intermission, the 11 underinflated balls were re-inflated to proper pressure, though actual readings were yet again not logged. Finally, the question of whether these re-inflated footballs were even used by the Patriots to play the second half has still not been definitively answered.
With a history of alleged violations of league rules, Patriots head coach Bill Belichick was soon suspected as the mastermind behind the intentional use of underinflated balls to give his offense some type of advantage. Defenders of Belichick quickly countered that perhaps the balls simply deflated due to the changing weather conditions between the indoor location where the balls were inflated and the outdoor climate of Gillette Stadium in mid-January-though game-time air temperatures were unusually mild for Foxboro in mid-January: 52 o F at kickoff (6:50 p.m.), 52 o F at halftime, and 46.9 o F at the final gun. Defenders of Belichick also speculated that the conditions to which the balls were submitted during the course of the first half (i.e., throwing, fumbling, bouncing, etc.) might have also altered the air pressure inside the footballs. Immediately, a worldwide media blitz ensued as op-ed pieces, television broadcasts, and Internet postings appeared by columnists, bloggers, current athletes, Hall of Fame enshrinees, and physicists who weighed in on "Deflategate, " and the questions on everyone's mind were: "Why is air pressure so important?" and "Who was the culprit … Belichick or physics?"
League rules
Starting in 2006, the National Football League's rules require that each team supply the referee with 12 footballs that will be used by that team while on offense (See Rule 2, Sections 1 and 2 of "The 2013 Official Playing Rules of the National Football League"). This way, quarterbacks get to use footballs that they have repeatedly handled and for which they have developed a "feel. " Also, the rule ensures that teams Colts, game officials discovered that the Patriots were using underinflated footballs on their offensive snaps. A controversy ensued because the Patriots had actually supplied these balls to the game's referee just hours before kickoff. Athletes and physicists have since agreed that using underinflated footballs gives several unfair advantages to the offensive team. Media outlets have focused their attention on two possible culprits behind the deflationary debacle: either the Patriots had intentionally underinflated their supply of footballs, or the climatic conditions, coupled with the various impacts to which the balls were subjected during the course of the game, had somehow altered the internal air pressure of the balls. This controversy soon became known as "Deflategate" (the moniker makes an obvious connection to the 1970s "Watergate" scandal). The purpose of this article is to bring Deflategate into the laboratory activities of high school and undergraduate introductory physics courses. First, we provide some background information on the actual 2015 AFC Championship game and subsequent media blitz surrounding the controversy. When used in an introductory mechanics class, this information can help students contextualize Deflategate as a real-word application of the material they are learning. Next, we recast the spotlight on Deflategate from its current focus, the ideal gas law, to a new one-namely, the physics of a bouncing ball. We then use this scenario as a motivation for a fun but informative set of experiments that can be carried out using equipment already in most high school or college laboratories. The subsequent data analysis relies on three basic principles: projectile motion, conservation of energy, and linear impulse/momentum. The analysis showcases the application of introductory physics to the world of sports, brings current events into the classroom, and demonstrates how multiple problem-solving strategies can be used to examine different aspects of a single event. Finally, some experimental results are presented and discussed.
The controversy
On Sunday, Jan. 18, the New England Patriots routed the Indianapolis Colts by the score of 45 to 7 in the NFL's 2015 American Football Conference championship game held at Gillette Stadium, home of the Patriots, in Foxboro, MA. Though the game proved to be one of the most lopsided championship games in the history of the AFC, the halftime score suggested a more even contest at 17 to 7 in favor of the Patriots. Before the first half ended, a controversy erupted that continues to be the debate of athletes, sports writers, and physicists around the world. With the game's outcome still very much in question, the Patriots quarterback, Tom Brady, threw an interception to Colts defensive linebacker D'Qwell Jackson. After the play, Jackson immediately handed the foot-the NFL's Rule 2, Section 2 clearly states that footballs used for the kicking game are to be directly mailed to the referee by the manufacturer so the Patriots could not have expected to alter the kicking game with its supply of underinflated footballs. The only remaining aspect of the game affected by a football's air pressure involves the "rebound of the ball, " that is to say, how it bounces after colliding with another object. Most experienced athletes develop an instinctive sense of a ball's rebound based on it being properly inflated because each sport uses a ball that is designed to be precisely inflated to perform best in the range of heights that occur most often in that sport. For example, most NBA basketball players are 6 to 7 feet tall. When impacting the court (on a dribble, for example), an official NBA basketball's air pressure of 7.5 to 8.5 PSI was chosen because at that pressure, the ball dissipates very little energy and is very elastic when dribbled in this range of drop heights. Likewise, a football is designed to perform optimally in the 12.5-13.5 PSI pressure range. Since the amount of energy dissipated by an improperly inflated ball during impact is significantly altered, the trajectory of the ball's rebound will disrupt a player's ability to anticipate how that ball will recover from the impact. Examples from the world of sports are numerous: If you have ever tried to dribble an underinflated or overinflated basketball, you know how difficult controlling the ball can be. Since soccer players often use their heads to alter the trajectory of the ball, several studies have focused on the correlation between inflation pressure and the incidence of head injuries and concussions after impacting a player's head. Prior to the 2015 AFC Championship game, if the Patriots practiced with underinflated footballs, they certainly would have developed a better sense of how these footballs would rebound after impact, thus giving them an unfair advantage over the Colts.
The physics of a bouncing ball
The rebound of a football off of a hard surface is complicated by its distinct shape, called the prolate spheroid. The unpredictable bounces that are observed when elongated objects rebound off hard surfaces occur because the shape introduces a number of complicating parameters to the analysis-namely, the incoming spin, angle, and orientation of the ball relative to the surface. 1 The unusual behavior differs from that of a spherical ball since the normal reaction force between the ball and ground at the point of contact does not usually act along a line through the ball's center of mass. Consequently, the torque applied to an elongated ball when it rebounds depends on its orientation at impact and can be significantly larger than that on a spherical ball. 2 For our purposes, the analysis can be greatly simplified if we neglect the shape, spin, and orientation of the ball at impact and instead focus on a nonrotating spherical ball impacting a hard surface (additional surfaces like grass or artificial turf can be added as "further explorations" to our analysis). Although this threepronged approximation might seem overly simplistic, we will take steps in the experimental design of our laboratory activity to ensure that this simplification is valid.
Often, when two objects collide (like a ball striking the do not play with a football supplied by the opposing team, except after recovering a fumble or interception. The rules further stipulate that two hours and 15 minutes prior to every game, the referee must measure the pressure of each of the 24 game balls, using a pump or gauge supplied by the home club, and verify it to be between 12.5 and 13.5 PSI. (This rule refers to the "gauge pressure" or "pressure difference" between the inside and outside of the ball, not absolute pressure.) Once the pressures are verified, the referee is to store the balls until handing them over to a game attendant just prior to kickoff. Other attributes of the footballs such as their dimensions and weights are specified by league rules, but are not required to be verified by any of the game officials. Finally, league rules also dictate the following: only the referee is required to verify that the 24 game balls comply with league specifications; the home team is to supply a set of 12 back-up balls for pressure testing; and a separate set of eight balls directly mailed to the referee by the manufacturer is to be used for all aspects of the kicking game.
A new focus for Deflategate
Until now, "The Physics of Deflategate" has focused exclusively on using the ideal gas law to determine if the air pressure of a football, inflated in a "warm" indoor room and taken to a "cool" outdoor stadium, can in fact decrease to the extent seen in the 2015 AFC Championship game. Introductory physics laboratory activities and homework problems have already popped up in which students use the ideal gas law to either confirm or discount the alleged pressure readings of Deflategate. However, most physicists have concluded that weather and game conditions were simply not the culprit. In other words, changing climatic conditions and the typical impacts to which a football is subjected during the course of a game simply cannot account for a drop of 2 PSI in the air pressure of a football. Therefore, we looked for ways to use Deflategate to teach introductory physics in ways that extend beyond the ideal gas law. For instructional purposes only, we posit that the likely culprit behind Deflategate was a member of the New England Patriots. Indeed, after investigating Deflategate, the NFL suspended Tom Brady for the first four games of the 2015-16 season and fined the Patriots $1 million plus the forfeiture of upcoming early-round draft picks. The goal of our activity is to answer the question: "Why would the Patriots have intentionally underinflated their supply of game-day footballs?" or in a more general sense, "Why does the NFL find it necessary to specify the internal air pressure of the footballs used in its games?" Both athletes and physicists agree that the primary benefit of using an underinflated football is that the reduced air pressure in the ball makes it easier to grip. Improving the grip on the ball gives an advantage to the offensive squad since the ball is now easier to throw and catch and less likely to fumble (especially in the cold and wintry conditions that often occur during the NFL post-season); however, although improved grip may be a team's primary motive for underinflating its supply of game balls, two other phases of the game are impacted as well. First, the kicking game would be affected-but
Experimental results and discussion
Our analysis is an ideal fit for an introductory mechanics class because it relies on the application of basic principles already covered in class. To trial test our activity, we asked a small group of students enrolled in our class to perform a set of experiments designed to determine the COR of three professional-grade sports balls. At first glance, students only need a meterstick to determine the COR of a ball-one simply measures the ball's initial drop height, drops the ball, and measures its subsequent rebound height. However, we proposed a slightly more sophisticated technique in an effort to determine not only the ball's COR but the duration of its impact with the ground as well. With this in mind, one might first try filming a single rebound and analyzing the footage frame by frame. However, the speed of a typical digital camera is 30 frames per second (i.e., 0.034 s per frame), while the duration of impact of a typical sports ball with a hard surface is less than 0.01 s. Therefore, unless equipped with a highspeed digital camera capable of film speeds greater than 100 frames per second, simple photographic analysis will not provide the temporal resolution needed for proper data analysis. Instead, we employed a sound sensor and data acquisition software to record the sound of the initial impact of the ball striking the hard cement floor of our laboratory as well as its second impact with the ground. The initial impact will be analyzed to determine the duration of the ball's interaction with the floor while the time between the initial and second impacts will be analyzed to determine the rebound height. This technique has been commonly used in several previous experiments. 7, 8, 9 First, three professional-grade sports balls were purchased: a men's basketball, football, and soccer ball. These particular balls were chosen because of the popularity of their associated sports, they are easy to find at common sporting goods stores, and they obviously rely on some appropriate inflation pressure (unlike solid-core types of balls such as a baseball or golf ball). The costs of these professional-grade balls turned out to be perhaps the most shocking result of our entire experiment: the men's basketball cost $199.99, the football cost $99.99, and the soccer ball cost $159.99. Nonprofessional-grade versions of these balls are available at much lower costs. Next, we needed to take steps in our experimental design in order to minimize the effects of spin, shape, and orientation of the ball at impact. Minimizing these effects was achieved through carefully designing an electromagnetic release mechanism to ensure that each ball was not spinning, and was properly oriented, when striking the ground. For the basketball and soccer ball, a small (½ in by ½ in) piece of flat metal was fastened to the balls, which allowed them to be suspended from the electromagnet and released from rest without rotation. Since these balls are spherical, their shape and orientation at impact were not problematic. The football proved more difficult because of its elongated shape. To minimize the effects of shape and orientation at impact, our experimental technique had to ensure that the football impacted the ground with its long axis parallel to the ground. A lightweight string was woven ground), little information is available about the forces or processes involved in the loss of energy. For example, is the energy loss due to internal friction, the creation of sound, the generation of vibrations, or the permanent deformation of the ball or surface? Sometimes, the energy may even be stored in the ball as a result of its compression and may not be released until well after the rebound by a slow recovery of the ball to its original shape. 3 Thus, to quantify how the linear impulse of an object changed during a collision, physicists and sports technologists often define a coefficient e, called the coefficient of restitution (or COR), as the ratio of the relative speeds of the two colliding objects A and B, before and after impact:
For the bounce of a generically shaped ball, including an elongated ball like a football, the COR is actually defined by the ratio of the speeds of outgoing-to-incoming contact points (i.e., the ratio of the normal velocity components at the point of contact), not the ratio of the relative speeds of the outgoing-to-incoming centers of mass, as we have done. However, because we have simplified our problem to neglect shape, spin, and orientation, the two definitions are equivalent. 2, 4, 5 Values of e have been measured for many objects striking various types of surfaces. For a perfectly elastic collision, e =1, and for a completely inelastic collision, e = 0. The specific case that we will apply to Deflategate, depicted in Fig. 1 , is a relatively soft, nonrotating spherical ball dropped on a rigid surface such as a hard floor.
The motion is broken up into five distinct phases and results in a value of e that provides a measure of the elastic properties of the ball only, provided there is no deformation of the surface on which it bounces. 6 Thus, the definition of the COR simplifies to the ratio of the restitution impulse, mv 4 , to the deformation impulse, mv 2 , that is, e = (mv 4 )/(mv 2 ). The expression for the COR can be further simplified by applying the conservation of the total energy between phases 1 and 2 as well as between phases 4 and 5. Since only conservative forces are involved in these phases, Combining these results, we now have a common expression for the COR, for use with nonrotating spherically shaped balls, impacting a hard surface: creased by 1 PSI until a final pressure of 18 PSI was tested. From these measured quantities, the following values were then calculated: the value of the rebound height as h 5 = 1/2 * g(Dt bounce /2) 2 , the coefficient of restitution as and the percentage of energy lost due to the impact as U lost = (h 1 -h 5 )/h 1 . Typical recordings are shown in Fig. 3 to indicate how Dt bounce and Dt impact were determined for the rebound of a properly inflated football. The data for the underinflated football (5 PSI below its average recommended gauge pressure) are shown in comparison. Table I shows all data for the professional-grade men's basketball, football, and soccer ball.
Figures 4-7 were used to discuss results with students. All data were plotted using reduced pressure, P reduced = P -P regulation average , over the range [-5 , +5] PSI. Thus for all P reduced < 0, the ball was underinflated, and for all P reduced > 0 the ball was overinflated. Figure 4 shows the rebound height of each ball versus reduced pressure when released from a drop height of 4 ft. As expected, the rebound height of each ball decreases with decreasing reduced pressure. Only the rebound height of the men's basketball exhibits a linear relationship with respect to reduced pressure. Interestingly, near 2 PSI below the average recommended gauge pressure, the rebound height of the football exhibits a sharp decline with respect to decreasing reduced pressure. In other words, our experimental results demonstrate that if the New England Patriots wanted to underinflate their game supply of footballs under the stitches of the football to create a "hanger" for the football, as shown in Fig. 2 . The hanger was then attached to a small metal binder clip. The electromagnet held the paper clip and thus suspended the football. With a little practice, this experimental technique was quite successful at releasing the football so that it impacted the ground with little rotational motion and with its long axis parallel to the ground. For all trials, balls were released from a predetermined height of h 1 = 4 ft, chosen as an approximate average value of height at which the football would most likely be carried by a running back prior to fumbling.
Next, a PASCO sound sensor was placed on the cement floor at the approximate location where each ball would hit the ground during its first and second impacts. We used the Data Studio TM data acquisition software to record each impact. Figure 2 shows all of the equipment necessary to bring "Deflategate and the Physics of a Bouncing Ball" to your classroom or laboratory. To start, each ball was inflated to 5 PSI below its average recommended gauge pressure and dropped from rest. For each trial, data only needed to be recorded for a short time as the interval between releasing the ball and its second impact lasted less than two seconds. Very little practice was required to analyze the sound recordings. Since the recorded sound level makes a significant jump relative to background noise each time the ball impacts the ground, identifying the portion of the recorded waveform corresponding to an impact is readily apparent. Typically, each recording shows the following: a brief interval of background noise as the ball is released from its initial height of 4 ft; a waveform corresponding to the initial impact of the ball with the ground; another brief interval of background noise as the ball arches through the air after its first bounce; and finally another waveform corresponding to the second impact of the ball with the ground. This recording was repeated five times. Data sets with obvious outliers were discounted-these were trials that included either high background noise or that resulted in a ball that bounced unusually far from the sound sensor after its initial impact with the ground (presumably, especially in the case of the football, the ball hit the ground at some angle or with some rotation). For each recording, two values were determined and tabulated: (1) Dt bounce , the time between the first and second impacts with the ground. This value is easily determined as the time interval between initial spikes in the recorded sound levels at each impact; (2) Dt impact , the duration of the impact of the ball with the ground. This value is determined by estimating the width of the waveforms occurring each time the ball first strikes the ground.
The ball was then inflated to 4 PSI below its average recommended gauge pressure and dropped from rest. Again, the first and second impacts were recorded five times. This process was repeated until the ball was eventually inflated to 5 PSI over its average recommended gauge pressure; thus, each ball was tested at 11 pressures. For example, the recommended inflation pressure of a professional-grade football is between 12.5 and 13.5 PSI. Using the average recommended pressure of 13 PSI, the ball was first inflated to 8 PSI and tested. For each subsequent trial, the pressure was then in- Fig. 2 . Equipment used in our experimental design. The hanger used to suspend the football is simply a lightweight string that has been woven under the stitches of the football. The string is then connected to a binder clip that is then suspended from the electromagnet. During the trials, the football was released from a height of 4 ft. The football has been lowered to fit it in the photograph.
in such a way as to significantly change the rebounding performance of these balls, they would have to underinflate each ball by at least 2 PSI. As noted previously, news reports indicated that the Patriots' game supply of balls were indeed underinflated in the 1.4-2 PSI range. Figure 5 shows the COR of each ball versus reduced gauge pressure when released from a drop height of 4 ft. Figure 5 supports our previous statement that each ball is designed to perform optimally in the range of heights that commonly occur in the sport for which it is intended. At the proper-inflation pressure (i.e., P reduced < 0), each ball has a COR in the 0.8 to 0.9 range: the basketball performs best with a COR of 0.86; the football is next with a value of 0.82; and the soccer ball last with a value of 0.80. Again, the football and soccer ball exhibit a significant decrease in performance at or near the reduced pressure of 2 PSI, causing students to increasingly suspect intentionality as the cause of the underinflation of the Patriots game supply of footballs. Figure 6 illustrates the percentage of lost energy, relative to the initial gravitational potential energy supplied to the ball at a height of 4 ft, as a function of reduced gauge pressure. The trend is clear: as a ball is increasingly underinflated, it loses increasing amounts of energy upon impact with the ground due to the increased duration of the impact. Finally, though its data are scattered, Fig. 7 illustrates to students the expected result that increasing the duration of an impact increases the percentage of energy lost. In our trials, the maximally overinflated basketball and football (i.e., P reduced = +5 PSI) were in contact with the ground for the smallest duration of time, 0.008 s, corresponding to a loss of energy of only 17 to 24%, while the maximally underinflated soccer ball (i.e., P reduced = -5 PSI) remained in contact with the ground for the longest duration of time, 0.014 s, corresponding to a loss of energy of 55%.
Conclusions
The purpose of this article is to bring "Deflategate and the Physics of a Bouncing Ball" into the laboratory activities of high school and undergraduate introductory physics courses in a way that does not involve the ideal gas law. The analysis of a bouncing ball introduces students to the concept of the coefficient of restitution and is ideal for an introductory physics sequence since it poses an opportunity to unite projectile motion, conservation of energy, and linear impulse/momentum in one problem. An experimental design is constructed that allows for a simple but informative series of experiments using equipment already found in most high school or undergraduate laboratories. The key to the design is the release mechanism that allows students to drop various sports-related balls with no rotational motion and with the appropriate angle and orientation relative to the ground. Results can be used to illustrate a number of physical principles to students.
